Myocardial, transient, outward currents, I to , have been shown to play pivotal roles in action potential (AP) repolarization and remodeling in animal models. The properties and contribution of I to to left ventricular (LV) repolarization in the human heart, however, are poorly defined.
V
oltage-gated K + (Kv) channels are key determinants of myocardial membrane excitability, and multiple types of Kv currents with distinct time-dependent and voltage-dependent properties and functional roles are coexpressed in cardiac myocytes. 1 Transient outward (I to ) Kv currents, for example, are prominently expressed in the mammalian heart, and studies in a variety of animal models have identified roles for I to in shaping action potential (AP) waveforms and in generating normal cardiac rhythms. [2] [3] [4] [5] [6] [7] [8] [9] Alterations in I to are prevalent in experimental models of cardiac and systemic disease, and are associated with QT prolongation and arrhythmias. [10] [11] [12] Increased prevalence of ventricular arrhythmias are also seen in individuals with cardiac hypertrophy, heart failure, and diabetes mellitus, [13] [14] [15] suggesting similar pathophysiological remodeling of I to in humans. Dysregulation of I to has also been implicated in early repolarization syndrome [16] [17] [18] and in Brugada syndrome, [18] [19] [20] an inherited arrhythmia associated with increased risk of sudden death.
Previous cellular electrophysiological studies have identified I to in human ventricular myocytes. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] In most of these studies, a single component of I to was described, although the densities and the properties
WHAT IS KNOWN?
• Myocardial transient outward currents, I to , studied extensively in animal models, have been linked to shaping action potential waveforms, regulating Ca 2+ entry, and excitation-contraction coupling. The physiological and pathophysiological roles of I to in repolarization and remodeling in human heart, however, are poorly understood.
WHAT THE STUDY ADDS?
• Two transient outward currents, I to,fast (I to,f ) and I to,slow (I to,s ), with distinct time-dependent and voltage-dependent properties, were identified in the human left ventricles.
• I to,f and I to,s are differentially expressed in myocytes isolated from across the thickness of the left ventricular wall of nonfailing human hearts.
• Expression of I to,f contributes to transmural and heart rate-dependent differences in action potential waveforms in human left ventricles.
• In left ventricular myocytes isolated from failing human hearts, I to,f is reduced, whereas I to,s is increased.
of I to reported were quite variable, likely reflecting several factors including small numbers of hearts/myocytes studied, heterogeneity inherent in human tissue samples from individuals with varying medical histories and with/without known cardiovascular disease, as well as differences in tissue harvesting, cell isolation, and recording conditions. [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] In addition, despite the identification of I to in human ventricular myocytes, there have been no studies to date focused on defining the physiological role(s) of I to in shaping human ventricular AP waveforms and the impact of pathophysiological remodeling of ventricular I to in acquired cardiovascular disease. The limited availability of human tissues/cells has also impacted the development of robust human ventricular cell and tissue models and has necessitated heavy reliance on small and incomplete (and unpublished) human data sets and on results obtained in studies on animal models. 31 Although the mouse has proven to be a useful and informative experimental model to detail the biophysical properties of native cardiac ionic currents, including I to , and to identify the molecular determinants of these currents, 32 the very fast (≈600 to 700 beats per minute) heart rates and brief (≈100 ms) APs in the mouse, have limited the utility of this model in providing functional insights into human cardiac physiology and pathophysiology. 1 Instead, the canine left ventricle (LV) has been frequently used and referred to as the large animal model of human LV. 3, 7, 33 In the canine LV a single I to component with similar biophysical properties but a large (≈7-fold) epicardial (high) to endocardial (low) density gradient has been reported. 3, 7 Marked differences in AP waveforms, particularly the early phase of repolarization, have also been reported across the canine LV free wall and attributed, at least in part, to transmural differences in I to densities. 3, 7, 33 In addition, a continuous layer of cells (M-cells) were identified in canine LV midmyocardium with significantly longer APs and ratedependent AP prolongation, compared with neighboring epicardial and endocardial LV myocytes. 7, 34, 35 Optical mapping in human LV wedge preparations, however, did not identify a distinct layer of LV midmyocardial cells or a steep gradient of AP waveforms across the LV free wall, 36, 37 suggesting marked differences in AP repolarization in human and canine LV.
The studies here were designed to detail the biophysical properties and the functional role(s) of human ventricular I to through analyses of hundreds of myocytes isolated from the LV free wall of nonfailing human hearts. Analyses of whole-cell voltage-clamp recordings identified 2 distinct rapidly activating and inactivating transient outward currents; a fast recovering current, I to,f , and a slowly-recovering current, I to,s , and demonstrated marked transmural differences in I to,f and I to,s expression. A model of human LV I to,f was generated from the acquired voltage-clamp data and used in dynamic clamp studies to probe the functional roles of I to,f in shaping AP waveforms and controlling voltagedependent calcium (Ca 2+ ) entry. Additional experiments revealed the selective downregulation of I to,f , upregulation of I to,s and marked AP remodeling in LV subepicardial (sub-epi) myocytes isolated from failing human hearts.
METHODS
An expanded Methods section is available in the Data Supplement. All studies were performed in accordance with protocols approved by the Washington University Institutional Review Board. Data, methods, and study materials will be made available to other researchers for purposes of reproducing the results or replicated the procedures on request.
Isolation of Human Ventricular Myocytes
Nonfailing human hearts (N=47; 25 female and 22 male; 53±2 years) declined for transplantation, were obtained from Mid-America Transplant Services (St. Louis, MO); a summary of donor demographics is provided in Table I in the Data Supplement. Failing human hearts (N=5; 1 female and 4 male; 58±2 years) were obtained from the Translational Cardiovascular Biobank and Repository at Washington University. From each heart, a transmural wedge of the LV, including a piece of the left anterior descending artery, was excised and individual myocytes from the LV sub-epi, epicardial (LV epi), midmyocardium (LV mid), endocardial (LV endo), and subendocardial (LV sub-endo) regions of the LV free wall were isolated as described in the Materials in the Data Supplement.
Electrophysiological Recordings
Acquisition and analysis of whole-cell voltage-clamp and current-clamp recordings, obtained from isolated human LV myocytes at 35°C to 37°C or mouse LV apex myocytes at room (20°C to 22°C) temperature were performed as described in the Materials in the Data Supplement. All data are presented as means±SEM. The statistical significance of observed differences among LV myocytes/tissues were evaluated using either an unpaired or paired t test or by ANOVA as appropriate; P values <0.05 are considered statistically significant.
Modeling I to,f and Dynamic Clamp Recordings
The I to model used in the dynamic clamp experiments included scalable parameters for current density and the time constants of activation and inactivation. For dynamic clamp experiments, whole-cell current-clamp recordings were first obtained from isolated LV myocytes without manipulation of I to,f . Modeled I to,f was then inserted, in real time, via dynamic clamp using software from Real-Time eXperiment Interface 38 (http://www.rtxi.org). The membrane voltage was sampled at 100 kHz and Real-Time eXperiment Interface returned the corresponding modeled I to,f at a rate of 22.2 kHz.
Statistical Analysis
D'Agostino-Pearson omnibus tests were first used to determine if the data were normally distributed. Parametric or nonparametric Student t tests or ANOVA were used for statistical analyses, as appropriate, and all statistical tests, performed with Graphpad Prism (version 7.01), are indicated in the text and figure legends.
RESULTS

Voltage-Gated Transient Outward K + Currents in Nonfailing Human LV Myocytes
In initial experiments, myocytes were isolated from the epicardial (LV epi; N=20) and endocardial (LV endo; N=21) regions of the LV free wall of nonfailing human hearts, as described in the Methods in the Data Supplement. Whole-cell K + current recordings were obtained (at 35°C to 37°C) from Ca 2+ tolerant, rod-shaped, striated myocytes 1 to 48 hours after isolation; membrane capacitances and resistances measured in LV epi and LV endo myocytes were similar (Table II in the  Data Supplement) . Representative whole-cell K + current waveforms, evoked in response to voltage steps to potentials between −50 and +40 mV from a holding potential of −70 mV, are shown in Figure 1A . In all LV epi and LV endo myocytes, outward K + currents activated fast, and inactivated rapidly to a steady-state level ( Figure 1A ). The waveforms of the currents, and the mean±SEM time constants of activation and inactivation of the transient component of the current, I to , in LV epi and LV endo myocytes were indistinguishable (Table III in the Data Supplement). The mean±SEM I to densities measured in LV epi (12.8±0.6 pA/pF; n=71) and LV Whole-cell Kv currents, evoked in response to depolarizing voltage steps to potentials between −50 and +60 mV (in 10 mV increments) from a holding potential (HP) of −70 mV, were recorded at 37°C from isolated human LV epi (N=21) and LV endo (N=20) myocytes as described in Methods; the voltage-clamp paradigm is shown below the records. A, Representative recordings from LV epi (◼) and LV endo (• ) myocytes are plotted as current densities; only traces between −50 and +40 mV are illustrated. Although the waveforms of the currents are similar, peak outward Kv current densities are lower in LV endo, than in LV epi myocytes (mean±SEM data are presented in Table 1 ). B, The voltage-dependence of steady-state inactivation of the transient (inactivating) outward current (I to ) component was examined using the protocol illustrated. Mean±SEM normalized I to (Continued ) Figure 1 Continued. conductances in LV epi (◼) and LV endo (• ) myocytes, determined as described in Methods from records such as those in (A) and (B), are plotted in (C). The solid lines represent the best single Boltzmann fits to the mean data. The mean±SEM voltages of half-maximal activation (V ½act ) and inactivation (V ½inact ) and the slope factors (k act and k inact ), derived from these fits, are similar (Table 1) . D, Representative recordings illustrating the time course of I to recovery from inactivation, assessed using the 3-step protocol illustrated, are presented. The amplitude of I to after each recovery period was measured in each cell and normalized to the amplitude of the current measured during the initial depolarization (in the same cell). In the vast majority of LV epi (42 of 46) and LV endo (37 of 45) myocytes, I to recovery followed a biexponential time course (Table IV in the Data Supplement). Mean±SEM normalized recovery data for I to in these cells are presented in (E); the first 50 ms of recovery are shown on expanded time scales in the insets. In subsets of LV epi (4 of 46; gray) and LV endo (8 of 45; gray) myocytes, I to recovery followed a monoexponential time course (Table IV in the Data Supplement). endo (10.8±0.6 pA/pF; n=60) myocytes were also similar (Table III in Similar whole-cell voltage-clamp experiments were conducted on myocytes isolated from the midmyocardial (LV mid; N=1) region of the LV free wall of nonfailing human hearts. The waveforms of the K + currents recorded from LV mid myocytes ( Figure IA in the Data Supplement) were indistinguishable from those in LV epi and LV endo myocytes ( Figure 1A) . The rates of I to activation and inactivation were similar to those determined in LV epi and LV endo myocytes. Quantitative analyses revealed that I to , I ss , and I K1 densities in nonfailing LV mid myocytes were also similar to those measured in nonfailing LV epi myocytes (Table III in the Data Supplement).
To examine the voltage dependences of current activation, I to amplitudes were measured from records such as those in Figure 1A ; I to conductances were calculated and normalized as described in the Materials and Methods in the Data Supplement. Mean±SEM normalized I to conductances in LV epi and LV endo myocytes were plotted as a function of membrane potential and fitted using the Boltzmann equation (Figure 1C) . These analyses revealed that the membrane potentials of half-maximal (V 1/2act ) activation and the slope factors (k) for I to activation in nonfailing human LV epi (V 1/2act =15.1±0.7 mV; k=12.0±0.3) and LV endo (V 1/2act =12.4±1.1 mV, k=10.8±0.6) myocytes were similar (Table III in the Data Supplement). Additional experiments examined the voltage dependences of steadystate inactivation of I to in LV epi and LV endo myocytes using the 2-step protocol illustrated in Figure 1B . Mean±SEM normalized I to amplitudes were plotted as a function of the conditioning potential and fitted using the Boltzmann equation ( Figure 1C ). The membrane potentials of half-maximal inactivation (V 1/2inact ) and the slope factors (k), determined from these fits in LV epi (V 1/2inact =−22.5±1.3 mV; k=−6.2±0.4) and LV endo (V 1/2inact =−23.9±1.0 mV; k=−5.7±0.3) myocytes, were not significantly different (Table III in the Data Supplement). The mean±SEM values for V 1/2act and V 1/2inact in nonfailing human LV mid myocytes were also similar to those determined in LV epi and LV endo myocytes (Table III in 
Two Distinct Components of I to in Nonfailing Human LV Myocytes
The time course of I to recovery from inactivation was determined from analysis of current records obtained using the 3-step protocol illustrated in Figure 1D . In the clear majority of LV epi (42 of 46) and LV endo (36 of 44) myocytes, the normalized I to recovery data were best described by the sum of 2 exponentials (Figure 1E ) with markedly (≈100-fold) different recovery time constants. The mean±SEM time constants for the fast (t rec,f ; 13.2±0.7 ms and 12.1±0.7 ms) and the slow (t rec,s ; 1283±93 ms and 1197±69 ms) components of recovery, however, were similar in LV epi (n=42) and LV endo (n=36) myocytes (Table IV in In a small (4 of 46) subset of LV epi myocytes, I to recovery was best described by a single exponential with a mean±SEM t rec of 12.3±0.5 ms ( Figure 1E ; grey line). Recovery was also monoexponential in a subset (8 of 44) of LV endo myocytes, although the mean±SEM t rec (1007±170 ms) was markedly slower ( Figure 1E , grey line). The monoexponential time constants of recovery in LV epi and LV endo myocytes are similar to the fast and slow time constants, respectively determined in the LV epi and LV endo myocytes characterized by biexponential recovery kinetics (Table IV in the Data Supplement). Two transient currents with markedly different recovery rates have been described previously in ferret 8 and mouse 9 ventricular myocytes: a rapidly recovering transient current, referred to as I to,fast (I to,f ) and a slowly recovery transient current, referred to as I to,slow (I to,s ). By analogy, we refer to the rapidly and slowly recovering components of I to identified in nonfailing human LV epi and LV endo myocytes as I to,f and I to,s , respectively.
Expression of only I to,f or I to,s in Most LV Sub-Epi and LV Sub-Endo Myocytes
The finding that only I to,f was identified in a subset of nonfailing human LV epi myocytes, and that only I to,s was evident in a subset of nonfailing human LV endo myocytes suggested regional differences in the expression of these currents. To explore the hypothesis that there is a transmural gradient of I to,f and I to,s expression in nonfailing human LV, myocytes were isolated from thin (≈2 to 4 mm) strips of tissue removed from the subepicardial (LV sub-epi; N=3) and subendocardial (LV sub-endo; N=5) surfaces of the LV free wall. Representative whole-cell K + currents recorded from nonfailing human LV sub-epi and LV sub-endo myocytes are presented in Figure 2A . Analyses of I to recovery kinetics in these cells revealed that the majority (24 of 42, ≈60%) of LV sub-epi myocytes expressed only I to,f , whereas the majority (43 of 57, ≈75%) of LV sub-endo myocytes expressed only I to,s ( Figure 2B ). The mean±SEM t rec values determined for I to,f and I to,s in these LV sub-epi and LV sub-endo myocytes were 16.6±1.0 ms (n=24) and 1076±42 ms (n=43), respectively (Table IV in A, Representative whole-cell Kv currents recorded, as described in the legend to Figure 1 , from LV sub-epi (♦; N=3) and LV sub-endo (▲; N=5) myocytes are shown; mean±SEM data are presented in Table 1 . B, Mean±SEM normalized recovery data for I to in LV sub-epi and LV sub-endo myocytes, determined as described in the legend to Figure 1 , are plotted as a function of the recovery interval; the first 50 ms of recovery are shown on expanded time scales in the insets. In the majority of LV sub-epi (24 of 42) and LV sub-endo (43 of 57) myocytes, the recovery data were best described by single exponentials with mean±SEM time constants of 16.6±1.0 ms and 1076±42 ms in LV sub-epi and LV sub-endo myocytes, respectively (Table IV in the Data Supplement). In the remaining LV sub-epi (18 of 42) and LV sub-endo (14 of 57) myocytes, recovery was biexponential (Table IV in the Data Supplement). C, Representative normalized whole-cell Kv currents in LV epi and LV sub-endo myocytes, evoked in response to depolarizing voltage steps to potentials between −60 and +40 mV (in 20 mV increments) from a holding potential (HP) of −70 mV, are shown. After control recordings (black), myocytes were superfused with bath solution (Continued ) Supplement). These recovery time constants for I to,f in LV sub-epi myocytes and for I to,s in LV sub-endo myocytes are not significantly different from those determined (for I to,f and I to,s ) in LV epi and LV endo myocytes (Table  IV in the Data Supplement). In the remaining (18 of 42) LV sub-epi and (14 of 57) LV sub-endo myocytes, both I to,f and I to,s were evident and characterized by similar time constants of recovery (Table IV in the Data Supplement). Of note, no LV sub-epi myocytes expressing only I to,s and no LV sub-endo myocytes expressing only I to,f , were observed (see Discussion).
Further analyses of the currents in LV sub-epi and LV sub-endo myocytes expressing only I to,f or only I to,s revealed significant differences in the voltage dependences of activation and inactivation of the currents ( Table 1 ). The V 1/2act of I to,f , for example, was 21.2±0.5 mV, a value significantly (P<0.0001) more depolarized than the V 1/2act of 5.5±0.9 mV determined for I to,s ( Table 1 ). The V 1/2inact of I to,f (−16.1±0.9 mV) was also significantly (P<0.0001) more depolarized than the V 1/2inact (−30.3±0.5 mV) of I to,s ( Table 1) . Analyses of the rates of activation and inactivation of I to,f and I to,s , isolated in LV sub-epi and LV sub-endo myocytes, also revealed very small, but significant (P<0.01), differences (Table 1) .
Pharmacological Separation of I to,f and I to,s in Human LV Myocytes
In mouse LV myocytes, I to,f and I to,s reflect the expression of molecularly-distinct conductance pathways (Kv4.2 underlies I to,f 39 and Kv1.4 generates I to,s
40
) with different pharmacological sensitives. 9 To determine if I to,f and I to,s in human LV myocytes could be distinguished pharmacologically, experiments were conducted using SNX-482, a peptide toxin shown previously to be a potent blocker of heterologously expressed Kv4.x currents. 41 Control experiments revealed that superfusion of 1 µmol/L SNX-482 selectively blocks native Kv4.2-encoded I to,f in adult mouse LV apex myocytes by ≈50% ( Figure II in ) mice which lack I to,f and express I to,s . 42 These experiments revealed that superfusion of 1 µmol/L SNX-482 had no measurable effects on mouse ventricular I to,s (Figure II in the Data Supplement).
In human LV epi myocytes expressing both I to,f and I to,s , superfusion of 1 µmol/L SNX-482 resulted in large (56±4%, n=12) reductions in peak I to density (Figure 2C) . Representative recovery data before and after superfusion of SNX-482 are shown in Figure 2D . Analyses of recovery kinetics revealed that I to,f was selectively eliminated by SNX-482 and no effects on I to,s were observed ( Figure 2D and 2E) . In LV sub-endo myocytes expressing only I to,s (n=13), superfusion of SNX-482 had no measurable effects ( Figure 2C and 2D) on the currents.
Regional Differences in Expression of Putative I to Channel Subunits in Nonfailing Human LV
The relative expression levels of the transcripts encoding putative I to,f and I to,s channel pore-forming (α) subunits in nonfailing human LV were determined by real-time semiquantitative PCR analyses on LV sub-epi, LV epi, LV mid, LV endo, and LV sub-endo tissue samples (N=6). Of the putative I to α subunits analyzed, the KCND3 (Kv4. 
Regional Differences in AP Waveforms in Nonfailing Human LV Myocytes
Isolated LV myocytes from nonfailing human were quiescent with hyperpolarized resting membrane potentials (V m ; Table 2 ). Representative AP waveforms, recorded from LV sub-epi (N=4) and LV subendo (N=5) myocytes as described in the Materials and Methods in the Data Supplement are illustrated in Figure 3 . AP amplitudes, measured from V m to the Figure 2 Continued. containing 1 µmol/L SNX-482 and the currents were recorded again (red). I to recovery before and after superfusion of SNX-482 was also examined using the protocol illustrated in Figure 1 . D, Normalized recovery data for I to in representative LV epi (◼) and LV sub-endo (▲) myocytes before (black) and after (red) superfusion of 1 µmol/L SNX-482 are presented. In LV epi myocytes, the fast component of recovery, I to,f , was selectively eliminated ( §P<0.0001), whereas the slowly recovering component, I to,s , was unaffected. In addition, superfusion of 1 µmol/L SNX-482 had no measureable effect on the currents in LV sub-endo cells expressing only I to,s . E, Mean±SEM relative amplitudes of the fast (I to,f ) and slow (I to,s ) components of I to recovery in LV epi myocytes (n=6) before and after superfusion of 1 µmol/L SNX-482 are plotted.
peak voltage of the AP, and AP durations (APD), measured at 90% (APD 90 ) repolarization, were similar in LV sub-epi and LV sub-endo myocytes (Table 2 ). There were, however, striking differences in the early phases of repolarization (phase 1) in LV sub-epi and LV subendo myocytes. In all (n=20) LV sub-epi myocytes, the AP waveforms exhibited a spike-and-dome morphology, 3, 23, 25 characterized by a prominent phase 1 notch ( Figure 3A) . The plateau potentials (V m,plateau ) in LV sub-epi myocytes were more hyperpolarized than in LV sub-endo myocytes (Table 2 ). In the vast majority (16 of 20) of LV sub-endo myocytes, APs lacked a Whole-cell K + currents were recorded from isolated human LV sub-epi (N=3) and LV sub-endo (N=5) myocytes at 35°C to 37°C as described in the text. LV sub-epi and LV sub-endo myocytes were grouped based on recovery kinetics: myocytes expressing only I to,f or only I to,s and myocytes expressing both I to,f and I to,s . I peak , I to , and I ss densities were determined from analyses of current records obtained during depolarizing steps to +40 mV from a HP of −70 mV; I K1 densities were determined from analysis of currents evoked at −120 mV from the same HP. The voltages of half-maximal activation (V 1/2act ) and inactivation (V 1/2inact ) and the slope factors (k act and k inact ) were determined from single Boltzmann fits to the activation and inactivation data. HP indicates holding potential; LV, left ventricle; sub-epi, subepicardial; and sub-endo, subendocardial.
*Values are means±SEM; N=number of hearts; n=numbers of cells. † §Values in LV sub-endo myocytes expressing only I to,s are significantly different from those measured in LV sub-epi myocytes expressing only I to,f (Student t test) at the †P<0.01 and §P<0.0001 levels. Evoked action potentials were recorded from isolated nonfailing human LV sub-epi (N=4), LV epi (N=10), LV endo (N=14), and LV sub-endo (N=5) myocytes and failing human LV sub-epi (N=3) myocytes at 35°C to 37°C as described in the text. Resting membrane potentials (V m ), action potential amplitudes (APA), notch and plateau potentials, and action potential durations (APD) at 30%, 50%, 70%, and 90% repolarization were determined as described in Materials in the Data Supplement. LV indicates left ventricle; sub-epi, subepicardial; and sub-endo, subendocardial. *Values are means±SEM; N=number of hearts; n=numbers of cells. * † §Values in nonfailing LV epi, endo and sub-endo myocytes are significantly different (ANOVA) from those measured in nonfailing LV sub-epi myocytes at the *P<0.05, †P<0.01, and §P<0.0001 levels.
* ‡ §Values in failing LV sub-epi myocytes are significantly different (Student t test) from those measured in nonfailing LV sub-epi myocytes at the *P<0.05, ‡P<0.001, and §P<0.0001 levels. notch ( Figure 3B ). In a small (4 of 20) subset of LV subendo myocytes, a notch was discernable, although the notch (V m,notch ) potentials in these (n=4) cells were significantly (P<0.001) more depolarized than in LV sub-epi myocytes ( Figure 3C ). The V m,plateau measured in these (n=4) LV sub-endo myocytes ( Figure 3C ) were also significantly (P<0.001) more depolarized (Table 2) than in LV sub-epi myocytes.
Analyses of the waveforms of evoked APs in nonfailing human LV epi (N=10) and LV endo (N=14) myocytes ( Figure IV in the Data Supplement) revealed that mean±SEM AP amplitudes and APD 90 values were like those measured in LV sub-epi and LV sub-endo myocytes (Table 2 ). In most LV epi (28 of 30) and LV endo (26 of 28) myocytes, an AP notch was evident ( Figure  IVA and IVB in the Data Supplement). The mean±SEM V m,notch in LV epi and LV endo myocytes, however, were significantly (P<0.01) more depolarized than in LV subepi myocytes (Table 2 ).
I to,f Regulates the Notch During Early Repolarization in Human Ventricular Myocytes
The impact of manipulating I to,f density on APs in nonfailing human LV myocytes was examined using dynamic clamp. 38 As described in Materials and Methods in the Data Supplement, a model of I to,f was generated from the voltage-clamp data ( Figure V in the Data Supplement) that included a scalable (current amplitude/density) parameter to allow I to,f to be added or subtracted (by addition of modeled I to,f of opposite polarity) in real time during current-clamp recordings. Representative AP waveforms recorded from LV sub-epi and LV subendo myocytes with addition/subtraction of I to,f are illustrated in Figure 4 . Linear regression analysis was used to determine the relationship of I to,f addition/subtraction to changes in AP parameters ( Figure 4C and 4D) . The most prominent effect on APs of addition/subtraction of I to,f was on the V m,notch . In LV sub-epi myocytes, removal of increasing amounts of I to,f resulted in a progressive depolarization of the notch (slope, −2.9±0.5; R 2 =0.44; Figure 4A ). In LV sub-endo myocytes which lacked a notch, the addition of I to,f resulted in the appearance of a clear notch ( Figure 4B) , and the V m,notch became progressively more hyperpolarized with increasing I to,f (slope, −1.6±0.2; R 2 =0.56). Small differences in other AP parameters were also evident with addition/subtraction of I to,f . Subtraction of I to,f in LV sub-epi myocytes, for example, resulted in a small depolarization of the V m,plateau (slope, −0.8±0.2; R 2 =0.31; Figure 4C ), whereas addition of I to,f in LV subendo myocytes resulted in a small hyperpolarization of V m,plateau (slope, −0.8±0.2; R 2 =0.27; Figure 4D ). A modest shortening of the APD 90 (slope, −11.9±2.4; R 2 =0.34) was also observed in LV sub-endo myocytes, whereas subtraction of I to,f had no effect on APD 90 
Slowing I to,f Inactivation Results in Collapse of Human LV APs
Previous studies in heterologous cells have shown that coexpression of some channel accessory subunits modifies the rates of inactivation of Kv4-encoded currents. To determine whether altering the time con- stant of I to,f inactivation (t inact ) affects AP waveforms in nonfailing human LV myocytes, dynamic clamp experiments were performed in which the t inact of the modeled I to,f was either increased or reduced ( Figure 5 ). These experiments revealed that accelerating the rate of inactivation of I to,f 2-fold did not affect APDs in LV epi myocytes ( Figure 5A ), whereas slowing inactivation ≥2-fold or more resulted in dramatic shortening of APDs and collapse of the plateau ( Figure 5A ). In LV endo myocytes, shortening and subsequent collapse of the plateau were also observed when I to,f decay was slowed ( Figure 5B ). 
Modulation of the Notch and Plateau
I to,f Remodeling in Failing Human LVs
Voltage-clamp recordings were also obtained from LV sub-epi and LV sub-endo myocytes isolated from failing human hearts (N=5). As illustrated in Figure 6A , Kv current waveforms in failing LV myocytes were like those recorded from nonfailing LV myocytes. In failing LV sub-epi myocytes, however, the mean±SEM I peak and total I to (ie, I to,f and I to,s ) densities (Table V in the Data Supplement) were significantly (P<0.0001) lower than in nonfailing LV sub-epi myocytes ( Table 1 ). The relative expression levels of I to,f and I to,s were also markedly different in failing, than nonfailing, LV sub-epi myocytes ( Figure 6B ). The vast majority (16 of 19, 84%) of failing LV sub-epi myocytes expressed both I to,f and I to,s (Table  IV in APs were recorded from LV epicardial (epi; A) and LV endocardial (endo; B) myocytes before (black) and after (red) dynamic clamp-mediated addition of I to,f . The peak amplitude/density of I to,f added was held constant and the time constant of inactivation (t inact ) was varied as indicated. Dynamic clamp current densities are indicated and the waveforms of the modeled I to,f currents are shown below the voltage records in the colors of the corresponding AP waveforms. Slowing t inact 2-fold to 3-fold resulted in dramatic shortening and then collapse of the AP in both LV epi (A) and LV endo (B) myocytes.
the majority (24 of 42) of nonfailing LV sub-epi myocytes expressed only I to,f (Table IV in the Data Supplement) . In addition, there were 2 (of 19) failing LV subepi myocytes identified with only I to,s , whereas no (0 of 19) nonfailing LV sub-epi myocytes expressed only I to,s ( Figure 6B ). Comparison of I to,f and I to,s densities in nonfailing and failing LV sub-epi myocytes with biexponential recovery revealed that mean±SEM I to,f density was significantly (P<0.0001) lower in failing (4.7±0.7 pA/pF) than nonfailing (10.4±0.5 pA/pF), LV sub-epi myocytes ( Figure 6C ), whereas there were no significant differences in I to,s densities ( Figure 6C ).
Analysis of the expression level of the KCND3, KCNA4, and KCNIP2 transcripts revealed significant (P<0.05) reductions in the levels of the KCND3 and KCNIP2, but not KCNA4, in failing compared with nonfailing, LV sub-epi tissues ( Figure VIII in the Data Supplement). Furthermore, the gradient in KCNIP2 transcript expression in failing (4.2±2.0, n=7) LV sub-epi was significantly (P<0.05) smaller than in nonfailing (6.4±1.7, n=8) LV sub-epi tissue.
Experiments on LV sub-endo myocytes, isolated from failing human hearts (N=5) revealed that mean±SEM I peak and I to densities (Table V in the Data Supplement) were not significantly different from those in nonfailing LV sub-endo myocytes ( Table 1 ). The distribution of LV sub-endo myocytes expressing only I to,s (9 of 15, 60%) or both I to,f and I to,s (6 of 15, 40%) was also similar in failing and nonfailing LV sub-endo myocytes (Table  IV in Table V of in the Data Supplement. B, Recovery time constants, derived from single exponential (I to,f or I to,s ) or biexponential (Bi-Exp, ie, I to,f and I to,s ) fits to the recovery data in nonfailing and failing LV sub-epi myocytes, are plotted. In the majority (24 of 42) of nonfailing LV sub-epi myocytes, only I to,f was observed. In the remaining (18 of 42) nonfailing LV sub-epi myocytes, recovery was biexponential. In marked (Continued ) Figure 6 Continued. contrast, there was only one (of 19) failing LV sub-epi in which only I to,f was detected. Recovery in the vast majority (16 of 19) of failing LV sub-epi myocytes was biexponential. Two (of 19) failing LV sub-epi myocytes expressed only I to,s , whereas no (0 of 42) nonfailing LV sub-epi myocytes expressed only I to,s . Mean ± SEM time constants of recovery are presented in Table III of the Data Supplement. C, Mean±SEM I to,f and I to,s densities in the nonfailing (n=14) and failing (n=16) LV sub-epi myocytes expressing both I to,f and I to,s are plotted. As is evident, I to,f , but not I to,s , density was significantly ( §P<0.0001) lower in failing, than in non-failing, LV sub-epi myocytes. D, Representative AP waveforms, evoked at 1 Hz in a failing LV sub-epi myocyte before (black) and after dynamic clamp addition of I to,f (gray), is illustrated. Addition of I to,f hyperpolarized the notch and plateau potentials and decreased APA and APD 90 . E, The notch and plateau potentials and the (F) APA and APD 90 determined in non-failing (n=27) and failing (n=10) LV sub-epi myocytes are plotted. *, †, §Values indicated are significantly different at the *P<0.05, †P<0.01, and §P<0.0001 levels.
As illustrated in Figure 6D , AP waveforms in failing LV sub-epi myocytes display a spike and dome morphology. The mean±SEM V m,notch (12.9±2.5 mV) and V m,plateau (21.2±1.8 mV) however, were significantly (P<0.001) more depolarized in the failing LV sub-epi myocytes than in nonfailing LV sub-epi myocytes (Table 2 ). In addition, mean±SEM APDs were significantly (P<0.001) longer in failing, than in nonfailing, LV sub-epi myocytes ( Figure 6F ). Dynamic clamp-mediated addition of modeled I to,f ( Figure 6D ) resulted in hyperpolarization of V m,notch and V m,plateau potentials, as well as APD shortening in failing LV sub-epi myocytes (see Discussion).
DISCUSSION Two Transient Outward Kv Currents Differentially Expressed in Nonfailing Human LV
The results presented here demonstrate a small (≈1.5-fold), but significant (P<0.0001), transmural gradient of the peak transient current density in nonfailing human LV, with mean±SEM peak I to densities (at +40 mV) of 12.7±0.5 pA/pF (n=42) and 8.7±0.8 pA/pF (n=52) in LV sub-epi and LV sub-endo myocytes, respectively (Table 1) . This (≈1.5-fold) transmural difference in I to density is considerably less than the ≈7-fold epicardial to endocardial I to gradient observed in canine LV 7 and the ≈4-fold transmural gradient in mean±SEM I to densities reported previously in nonfailing human LV. 25, 27 The results here also demonstrate the presence of 2 I to components, I to,f and I to,s , distinguished initially by markedly (≈100-fold) different rates of recovery from inactivation: at physiological temperature, the time constants of recovery of I to,f and I to,s were ≈10 ms and ≈1000 ms, respectively (Table IV in the Data Supplement). The pharmacological properties of I to,f and I to,s are also distinct: I to,f is selectively eliminated on exposure to 1 µmol/L of the Kv4.x channel peptide toxin 41 SNX-482, whereas I to,s is unaffected (by SNX-482). Analysis of LV sub-epi and LV sub-endo myocytes, expressing only I to,f or I to,s respectively, revealed significant differences in the voltage dependences of activation and inactivation of I to,f and I to,s (Table 1) .
Marked regional differences in I to,f and I to,s expression were also identified in nonfailing human LV: most (24 of 42; 60%) LV sub-epi cells, for example, express only I to,f , whereas most (43 of 57; 75%) LV sub-endo cells express only I to,s (Table IV in the Data Supplement). The remaining (40%) of LV sub-epi and (25%) of LV subendo myocytes and the vast majority of myocytes (epi, mid, and endo) through the thickness of the LV wall expressed both I to,f , and I to,s . These results are different from previous reports describing a single I to component with a steep transmural expression gradient in both human 21 The contribution of I to,s to LV repolarization will be highly rate dependent owing to the slow (≈1 s) rate of recovery. At a resting heart rate of 60 beats per min, for example, ≈50% of I to,s is inactivated and contributes little to the total transient outward current ( Figure IXB in the Data Supplement). At slower (<60 beats per min) heart rates, however, I to,s densities are greater. Indeed, when paced at 0.5 Hz, a notch is evident in stimulated LV sub-endo myocyte AP waveforms (data not shown). At a faster pacing rate of 120 beats per min, I to,s density is further diminished (≈75% inactivation) and at heart rates >120 beats per min, I to,s is almost completely inactivated. As would be expected, the rate-dependent reduction in I to,s has the greatest effect on LV sub-endo myocyte APs at elevated heart rates (>120 beats per min) where essentially all transient current is eliminated. In contrast, there were no rate dependent decreases in I to,f at stimulation frequencies corresponding to heart rates between 60 to 120 beats per min ( Figure IXA in the Data Supplement), and I to,f is not expected to exhibit rate-dependent inactivation at any physiological heart rate.
As discussed above, rate-dependent changes in I to,s density have the largest effect on peak I to densities in LV sub-endo myocytes. Due of the distribution of I to,f and I to,s expression, the peak (total) I to density gradient across the LV free wall is, therefore, rate dependent, becoming increasingly larger at progressively faster heart rates. This is in contrast to canine LV, where the I to density gradient is attributed to regional differences in the expression of a single type of I to channel. Indeed, the rate-dependent transmural density gradient of I to has not been reported previously in the LV of any large animal model, and, seems unique to human LV. Functional Roles of I to,f and I to,s in Shaping APs in Nonfailing Human LV Although AP amplitudes and durations are similar in LV sub-epi and LV sub-endo myocytes, there are striking differences in early (phase 1) repolarization, specifically a prominent phase 1 notch, resulting in a spike-and-dome morphology 3, 23, 25 in LV sub-epi but not LV subendo myocytes (Figure 3 ). In addition, V m,plateau values measured in LV sub-epi myocytes were more hyperpolarized than in LV sub-endo myocytes (Table 2) . Similar regional differences in the early phase of repolarization are evident in canine LV. 3, 7 In canine LV, a subpopulation of cells, termed M cells, distinguished from surrounding LV myocytes by APs that are disproportionately prolonged when pacing rates are slowed, have also been identified. 7, 34, 35 Whether there are M cells in human ventricles, however, remains somewhat controversial. 36, 37, 45 In the studies here, APs were recorded at pacing rates ranging from 0.33 to 2 Hz and no cells with markedly prolonged APDs at slow pacing rates were observed. Although these results suggest there are no M cells in human LV, it is possible that there are small islands of cells with prolonged APDs, as reported in human LV wedge preparations, 36, 37 and that cells from these small islands were not isolated or examined in our recordings.
The application of the dynamic clamp-mediated addition/subtraction of modeled human ventricular I to,f revealed that, regardless of the cell type, manipulating I to,f primarily affects V m,notch and, to a lesser extent, V m,plateau , without appreciably affecting APD. Dynamic clamp studies in the dog and guinea pig, however, have reported dramatic AP shortening with addition of I to . 46, 47 In the dog, for example, a current injection of ≈30 to 40 pA/pF resulted in collapse of canine ventricular APs. 46 In the studies here, we were only able to add ≈10 to 15 pA/pF of I to,f (maximum) depending on cell size. It is possible that addition of higher I to,f densities could lead to AP collapse. Slowing inactivation of I to,f , however, did result in collapse of the AP after phase 1 of repolarization. The shapes of APs in human LV myocytes, therefore, seem to be more sensitive to changes in I to,f inactivation kinetics, than to alterations in peak I to,f densities.
By influencing the membrane potential during the early phase (phase 1) of repolarization, I to,f modulates the amplitude and the timing of Ca 2+ entry through voltage-dependent Ca 2+ channels, which is required for Ca 2+ -dependent release of Ca 2+ from the sarcoplasmic reticulum and myocyte contraction. Decreases in I to,f density, evident in individuals with cardiac hypertrophy, heart failure, and diabetes mellitus, [13] [14] [15] would be expected to reduce Ca 2+ influx, attenuate Ca 2+ release, and impair contractility. It is also possible that I to,f is attenuated secondary to pathophysiological remodeling of Ca 2+ currents and Ca 2+ handling mechanisms to normalize AP waveforms and maintain rhythmicity. The increase in I to,s densities at very slow heart rates is also expected to affect (increase) inward Ca 2+ fluxes, and it is tempting to hypothesize that, in instances of bradycardia, I to,s may function to increase myocyte contractility and pump function.
Remodeling of I to,f and I to,s in Failing Human LV Electric remodeling in heart failure is associated with increased risk of life-threatening arrhythmias. 48 The results here, however, reveal that expression of I to,f and I to,s is more homogenous in the failing than nonfailing human LV because of selective reductions in I to,f and increases in I to,s . Surprisingly, dynamic clamp-mediated addition of I to,f in failing LV sub-epi myocytes resulted in shortening of the APD, an effect not seen in cells from nonfailing hearts. It is important to note, however, that alterations in several ionic currents, in addition to I to,f and I to,s , such as increases in late sodium current, have been reported in heart failure, and in the context of heart failure, changes in these currents underlie the observed AP shortening with addition of I to,f . Because I to,f and I to,s likely reflect distinct molecular entities, changes in the proteins encoding I to,f and I to,s channels are expected to have regional effects on AP waveforms, and observation not previously expected based on prior studies in human or canine LV myocytes. Indeed, several mutations in genes encoding for both α subunits and putative accessory subunits, have been identified in patients with Brugada syndrome. 49 A mutation in KCND3, for example, identified in an individual with Brugada 49 resulted in increased Kv4.3-encoded current density and slowed inactivation, in comparison to wild-type Kv4.3, when expressed in heterologous cells. 49 Modeling studies suggested that the resulting increase in total K + conductance leads to AP collapse after phase 1, 49 an observation similar to our findings ( Figure 5 ) with dynamic clamp-mediated addition of increased integrated I to,f density owing to slowed inactivation. Differences in channel accessory proteins could also contribute to regional effects on current density/properties. Recently, a novel mutation in DPP6, a putative Kv4.3 associated protein, was identified in a patient with persistent ventricular fibrillation. 50 Heterologous coexpression of Kv4.3 with the mutant DPP6 greatly increased Kv4.3-encoded current densities compared with coexpression of the wild-type DPP6. Modeling studies suggested that these changes also lead to AP collapse. 50 The molecular compositions of native human I to,f and I to,s channels, however, have not been clarified, and further studies are needed to identify the composition of native human channels and to elucidate whether there are alterations in the expression and the properties of channel accessory proteins under pathological conditions.
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